Targeted cancer therapeutics can be effective when patients are preselected to maximize the chance of response. Increasingly, molecular markers such as oncogenic DNA mutations are being exploited to help guide patient preselection. These DNA lesions can predict for either a positive or negative response to a given drug. Finding such predictive biomarkers is an ongoing challenge. New work by Di Nicolantonio and colleagues in this issue of the JCI demonstrates that PI3K catalytic a subunit (PIK3CA) mutations can sensitize cancer cells to the mammalian target of rapamycin (mTOR) inhibitor everolimus. In addition, they show that the concurrent presence of PIK3CA mutations and mutations in either KRAS or BRAF predict for resistance to this drug. These data suggest that mTOR inhibitors currently in use will be ineffective against cancers that have a mutation in either KRAS or BRAF despite having PI3K/AKT/mTOR pathway activation.
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In the past few decades, developers of new anticancer therapies have moved away from cytotoxic drugs that simply target the proliferative hallmark of all cancer cells. Cur-rently, targeted therapies dominate cancer drug development with the aim of blocking the growth and spread of cancer by interfering with specific molecules involved in the progression of a given tumor. One of the most successful targeted anticancer therapies developed is the kinase inhibitor imatinib, which targets the product of the BCR-ABL oncogene that drives disease in all patients with chronic myeloid leuke-mia (CML) (1). However, for most targeted therapies, only a subset of the patients predicted to respond do so. For example, EGFR-directed therapies were thought to inhibit the growth of non-small-cell lung cancers with EGFR overexpression, but only those cancers with certain activating EGFR mutations respond to these small molecule inhibitors (2, 3) . It has therefore become critically important to develop predictive biomarkers for patients who are likely to respond to a given therapy and, equally important, for those who will not. As an example, testing for KRAS mutations has become mandatory for colorectal cancer patients receiving EGFR-directed therapies because the presence of KRAS mutations predicts for resistance to this class of drugs (4) . In this issue of the JCI, Di Nicolantonio and colleagues have now uncovered mutations that seem to predict for response to the anticancer drug everolimus, which targets mammalian target of rapamycin (mTOR) (5).
The PI3K/AKT/mTOR pathway and mTOR inhibitors
The PI3K/AKT/mTOR signaling pathway mediates key cellular processes, including cell growth, proliferation, and survival (6) ( Figure 1 ). Activation of the downstream component mTOR can lead to features of transformation through its known role in regulating factors involved with the initiation of protein synthesis of critical growth-promoting genes (7) . Furthermore, activating mutations that contribute to carcinogenesis are commonly found in genes encoding proteins within this pathway (8) . In particular, oncogenic mutations of PI3K catalytic a subunit (PIK3CA) are among the most frequently reported genetic aberrations in human cancers (9) . These mutations activate the PI3K/AKT/mTOR pathway and contribute to carcinogenesis, providing the rationale for inhibiting this pathway for cancer therapy. The development of agents to target components of this pathway has resulted in a class of drugs that specifically target mTOR. However, despite the fact that early-phase clinical trials indicate that mTOR inhibitors may have activity in a number of cancers, only a fraction of patients receiving these drugs derived substantial clinical benefit (10). Developing biomarkers able to stratify patients into those likely to respond and those unlikely to respond is now critical if mTOR inhibitors are to become widely used for the treatment of cancer.
Cancer mutations and the response to the mTOR inhibitor everolimus
In this issue of the JCI, Di Nicolantonio and colleagues used a panel of isogenic human cell lines to characterize the response to the mTOR inhibitor everolimus, which is a rapamycin analog originally known as RAD001 (5) . This group and others have previously demonstrated that somatic cell gene targeting in non-tumorigenic human cell lines can accurately recapitulate oncogenic mutations and their response to drug therapies (11, 12) . By using paired cell lines that are isogenic, or as close to isogenic as possible, drug sensitivity versus resistance can accurately be assessed, and any phenotypic changes are the direct result of the introduced mutations ( Figure 2 ). In the current study by Di Nicolantonio and colleagues (5), isogenic human cell lines were generated containing hotspot mutations in PIK3CA (H1047R or E545K) and were found to be selectively sensitive to rapamycin and its analog everolimus. This was true in both spontaneously immortalized non-tumorigenic human breast epithelial cells (MCF10A) and human breast epithelial cells immortalized via telomerase overexpression (hTERT-HME1). Di Nicolantonio et al. then sought to assess whether the increased sensitivity to everolimus in the non-transformed PIK3CA isogenic human cells could be recapitulated in transformed cancer cells carrying PIK3CA mutations along with multiple other genetic alterations (5) . This assessment included screening for everolimus sensitivity using a panel of cancer cell lines with known genetic alterations in PIK3CA or phosphatase and tensin homolog (PTEN), a tumor suppressor gene that encodes for an inhibitor of the PI3K/AKT/ mTOR signaling pathway. It was in this key experiment that Di Nicolantonio and colleagues discovered that the response to everolimus could be divided into two groups: everolimus-sensitive cancer cells that contained mutations in the PI3K pathway and everolimus-resistant cancer cells that contained mutations in both the PI3K and the MAPK pathways, the latter being characterized as cells with either a KRAS or BRAF mutation.
To test the hypothesis that the presence of a KRAS mutation results in resistance to everolimus, the authors performed additional cell proliferation experiments using cell lines derived from the HCT116 colorectal cancer cell line, which naturally contains a heterozygous PIK3CA mutation as well as a heterozygous KRAS mutation. The team employed HCT116 derivatives that had been previously modified via gene targeting such that the mutant or wildtype KRAS allele had been deleted (13) . The cells that contained only a single wild-type
Figure 1
The PI3K/AKT/mTOR pathway. Receptor tyrosine kinases bind with ligand and initiate the signaling pathway via intermediate molecules (IRS). PI3K becomes activated, which results in phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5trisphosphate (PIP3), a process that is reversed by PTEN. At the cell membrane, proteins with pleckstrin homology domains then become phosphorylated via PIP3 (phosphoinositide-dependent protein kinase-1 [PDK1] and AKT). PDK1 can also phosphorylate critical residues on AKT. The tumor suppressor complex of TSC1/TSC2 normally inhibits mTOR activation via Ras homolog enriched in brain (Rheb). Activated AKT prevents this inhibition, leading to activation of the mTOR/Raptor complex known as mTOR complex 1 (mTORC1). This complex can be inhibited by rapamycin and its analogs, including everolimus. Ultimately, mTORC1 leads to the activation of downstream proteins involved in the initiation of protein synthesis, resulting in cellular growth. Receptor tyrosine kinase activation also initiates MAPK pathway signaling, which leads to cell cycle progression and proliferation. MAPK pathway activation can also augment PI3K signaling. MEK, MAPK/ERK kinase. copy of KRAS were sensitive to everolimus, while derivatives of HCT116 containing mutant KRAS were resistant (5) . To obtain further evidence that the KRAS mutant was responsible for everolimus resistance, the authors performed rescue experiments on the KRAS wild-type-only HCT116 derivative cell line. By exogenously introducing a mutant copy of KRAS and then treating the cells with everolimus, the authors found that they were able to restore the resistance phenotype.
Di Nicolantonio et al. provide further evidence of the contribution of mutant KRAS in mediating everolimus resistance by assessing whether this finding was relevant in an in vivo setting (5) . The authors evaluated this by recapitulating their in vitro data using the above HCT116 system grown as xenografts in immunocompromised mice, as well as a second cell line, ME-180, which is an endometrial cancer cell line that has a PIK3CA mutation but is wild type for KRAS and BRAF. As before, the group generated a derivative of this cell line carrying a transgene overexpressing a mutant KRAS allele. In both mouse xenograft models, the authors found that the presence of mutant PIK3CA as well as a mutant KRAS resulted in abrogation of everolimus's antiproliferative effects.
Importantly, the authors provide data to indicate a potential mechanism by which these KRAS mutations might abrogate the antiproliferative effects of everolimus on cells expressing activating PIK3CA mutations. Using biochemical analyses, they provide evidence that mutant KRAS leads to mTOR-independent protein synthesis, possibly through the activation of p90 ribosomal S6 kinase (p90RSK).
Clinical implications
Ultimately, the goal in understanding the mechanism of cancer resistance is to be able to use the information gathered from these laboratory-based experiments and apply them accurately to a clinical setting. Di Nicolantonio and colleagues took their findings and hypothesized that patients with tumors containing both PIK3CA and KRAS mutations would be resistant to everolimus treatment. The authors were able to acquire a small number of tumor samples from patients who had received everolimus therapy and assessed their cancers for PIK3CA mutations and PTEN loss along with BRAF and KRAS mutations. Despite the small number of patients (i.e., 43), the data support the notion that activation of the PI3K pathway by a PIK3CA mutation or PTEN loss does lead to sensitivity to mTOR inhibitors, but that the concurrent presence of either a KRAS or BRAF mutation abrogates this effect. Although it is difficult to know the validity of such analyses given the small sample size, these data strongly support the idea that patients with KRAS or BRAF mutations in their cancers who are receiving everolimus will likely circumvent mTOR inhibition and receive little to no clinical benefit from rapamycin derivatives.
How are we to use the findings of this important study? Like most preclinical data and retrospective studies, the results presented can be viewed as hypothesis generating but not hypothesis proving. Further prospective trials are ultimately needed to validate these results. That said, the results of this elegant study using isogenic cell lines along with mouse models and retrospective patient samples suggest that the new paradigms invoked by the authors may play out to be true in future prospective studies. Moreover, the work of Di Nicolantonio and colleagues (5) presented here provides a framework whereby the use of precise genetic manipulations within human cell lines could be starting points for assessing positive or negative predictors of response to newer targeted therapies. Ultimately, this may lead to more effective identification of patient populations that would be the "right" candidates for a given inhibitor resulting in truly individualized treatments for cancer therapy. The work by Di Nicolantonio et al. is a significant step toward this goal.
Figure 2
Predicting responses using genetically engineered isogenic human cell lines. Human mammary epithelial cells (WT) are subjected to gene targeting to create isogenic derivatives that contain a single PIK3CA oncogenic mutation (Mutant knock-in) or the same PIK3CA mutation along with a KRAS oncogenic mutation (Mutant double knock-in). Cells are then subjected to drugs in parallel, and resistance versus sensitivity can be assessed. Because the cell lines are isogenic, this allows for a clean interpretation of whether drug sensitivity is mediated by the presence or absence of a given mutation or set of mutations. 
Semaphorins and their receptors
There are eight classes of semaphorins characterized by structural heterogeneity (1, 2) . Class 3 semaphorins (Sema3s; Sema3A-Sema3G) are secreted proteins of approximately 100 kDa; they bind neuropilins (NRPs; NRP1 and NRP2) as their cell surface receptors. However, Sema3s also require interactions with plexins to signal. Plexins are large 200-kDa transmembrane proteins that act as substrates for kinases, such as feline sarcoma oncogene (Fes) and Src (3). Plexins form complexes with NRPs to transduce the Sema3 signal. Nine plexins have been identified so far (A1-A4, B1-B3, C1, and D1). Sema3s were originally demonstrated to be axon guidance proteins that repelled axons and collapsed growth cones via NRPs (4). They have since been implicated as regulators of angiogenesis and tumor progression (1, 2) . Sema3A was the first Sema3 to be studied in a vascular context. It was shown to inhibit EC migration and capillary sprouting (5) . Subsequent studies showed that Sema3s inhibit adhesion and migration of tumor cells (2) . NRPs also bind VEGF family members (6) . VEGF-NRP interactions regulate angiogenesis by acting as coreceptors for a receptor tyrosine kinase, VEGFR-2. The puzzle of how two such structurally disparate groups of ligands (Sema3s and VEGF family members) could bind to the same receptor was resolved when it was shown that VEGF binds to the NRP-B domain and that Sema3s bind to the NRP-A domain (7) . A critical role for NRPs in angiogenesis, likely as a result of their ability to bind VEGF family members, was shown in mice lacking NRPs (8) and in zebrafish in which NRP levels had been knocked down (9) . The convention has been that Sema3s are inhibitors of tumor angiogenesis, progression, and metastasis and that their function requires NRPs. However, in this issue of the JCI, Casazza and colleagues put a new twist on the semaphorin cancer story, particularly in the area of semaphorin effects on metastasis, by demonstrating that Sema3E inhibits tumor growth but promotes metastasis and that it does this in an NRP-independent manner (10).
p61 is the biologically active species of Sema3E
Sema3E is synthesized as an 85- to 90-kDa protein. However, it has furin-sensitive sites that are cleaved to generate p61, which is the main species of endogenous Sema3E. p61 induced lung metastasis in mice (11) . In tumor cells, it promoted in vitro cell motility, invasiveness, transendothelial migration, and extravasation. Furin-induced cleavage is a feature of many of the Sema3s (12) . For example, Sema3B found in the conditioned medium of cancer cells is almost completely cleaved by furin-like proprotein convertases, generating inactive fragments. So, furin-induced proteolytic processing of Sema3s does not necessarily result in a bioactive form, as it does for Sema3E.
Sema3E binds Plexin D1 but is NRP independent
Sema3E binds Plexin D1 directly and with high affinity, the only Sema3 to do so (13) . A role in angiogenesis for this ligand/ receptor pair has been clearly defined. For
